For decades, viral isolation and identification has relied on the presence of cytopathic effect (CPE), the standard protocol to estimate viral proliferation through observable changes in cultured cells under a light microscope. The visualization of CPE takes one to several days, depending on the virus type \[[@r18]\]. Additionally, not all viruses show CPE \[[@r36]\]. In these cases, other methods are required to detect the viral infection without morphological changes. To detect early and invisible signs of virus infection before the appearance of morphological changes, it is crucial to have a marker to investigate the viral infection and subsequent cellular pathogenicity. The viruses interfere with the host cellular mechanisms, thereby leading to changes in gene expression and/or cellular metabolism are changed soon after virus entry. In some cases, these disruptions lead to morphological CPE. The detection and evaluation of intracellular vital signs is also a potential biomarker for detecting viral infection as an alternative to the conventional morphology-based CPE.

Adenosine 5′-triphosphate (ATP), the major energy currency of the cell, is involved in many cellular processes including viral life cycle \[[@r2]\]. Many viruses can upregulate aerobic glycolytic pathways to increase ATP levels and the generation of metabolites, for various viral processes \[[@r6], [@r9], [@r11], [@r12]\]. ATP is required for the replication process in vaccinia virus and for budding and RNA synthesis in influenza virus \[[@r4], [@r20], [@r29]\].

It was reported that ATP promotes viral replication and is positively correlated with viral productivity \[[@r3], [@r5], [@r6]\]. It has been demonstrated that infection caused by vaccinia virus results in an increased ATP production in the cells due to upregulation of mitochondrial genes for proteins, a part of the electron transport chain (ETC) which generates ATP, *ND4* and *CO II* \[[@r4]\]. Human cytomegalovirus (HCMV) upregulates glycolysis and interferes with the tricarboxylic acid cycle (TCA) to produce more NADH and ATP for virus propagation \[[@r32]\]. ATP is also increased in viable cells after infection with baculovirus \[[@r35]\] and avian reovirus \[[@r5]\]. In contrast, previous studies have shown that the level of intracellular ATP is significantly decreased after viral infection \[[@r3]\]. In the case of hepatitis C virus (HCV); it was observed that the cells involved in HCV RNA replication actively consumed ATP, thereby decreasing cytoplasmic ATP levels \[[@r2]\]. The cellular ATP levels are also decreased upon infection with influenza virus, owing to the massive consumption of ATP by the virus \[[@r29], [@r38]\]. The dengue virus also promotes changes in mitochondrial bioenergetics, leading to a 20% decrease in ATP content of virus infected cells \[[@r10]\]. Hence, as an alternative to the morphology-based CPE, ATP level may be used as another biomarker for virus infection.

Recently, a genetically encoded Forster resonance energy transfer (FRET)-based ATP probe was developed. In this system, the ε subunit of FoF1-ATP synthase is sandwiched between cyan fluorescent protein (CFP) and yellow fluorescent protein (YFP) \[[@r21], [@r33]\]. This probe has been used by many studies for real-time visualization and measurement of intracellular ATP \[[@r5],[@r6],[@r7],[@r8], [@r27], [@r40], [@r42]\]. However, the application of ATP indicator based on Epsilon subunit for Analytical Measurements (ATeam) for identification of early signs of CPE has not yet been evaluated. This study aimed to determine the early signs of CPE in virus infected cells through ATP measurement using ATeam technology (ATP-based CPE).

MATERIALS AND METHODS {#s1}
=====================

Cells and viruses
-----------------

All cells including baby hamster kidney (BHK-21), Vero 9013, Mardin-Darby canine kidney (MDBK), porcine kidney (CPK), and Platinum-E (Plat-E) cells were cultured in DMEM supplemented with 10% fetal bovine serum (FBS) and 2% L-glutamine in the presence of 100 units/m*l* of penicillin and 100 mg/m*l* of streptomycin at 37°C and 5% CO~2~. The Plat-E cells were a kind gift from Dr. Toshio Kitamura (Institute of Medical Science, The University of Tokyo) \[[@r31]\]. The viruses used in this study are listed in [Table 1](#tbl_001){ref-type="table"}Table 1.The list of viruses used in this studyGenomeFamilyGenusSpeciesAbbreviationsStrainAccession no.DNA virus*HerpesviridaeVaricellovirus*Infectious bovine rhinotracheitis virus/ Bovine herpesvirus-1IBRBR Ishikawa (bovine /Japan/1988)N/ARNA virus*CoronaviridaeBetacoronavirus*Bovine coronavirusBCVIS 22N/A*PicornaviridaeCardiovirus*Encephalomyocarditis virusEMCVNIID-NU1LC508268*Enterovirus*Bovine enterovirusBEVBEV Ho12/Bos taurus/JPN/2014LC150008.1*Teschovirus*Porcine teschovirusPTV15 JPN/Ishi-Ka2/2015/GLC386155.1*FlaviviridaeFlavivirus*Japanese encephalitis virusJEVJEV/sw/Chiba/88/2002AB112705.1*Pestivirus*Bovine viral diarrhea virusBVDVBVDV 1 No. 12JX276549.1*PeribunyaviridaeOrthobunyavirus*Akabane virusAKVJaGAR 39N/A*ParamyxoviridaeRespirovirus*Bovine parainfluenza 3 virusBPIV3BN-1AB770484.1N/A: not applicable.. The BPIV3 and BVDV, PTV, and IBR were propagated in MDBK, CPK, and Vero cells respectively; while other viruses were propagated in BHK-21 cells. The titration of the viruses for infection was done by qPCR as previously described \[[@r25], [@r37], [@r41]\] except for EMCV and JEV, which were titrated using the standard plaque assay \[[@r44]\].

Plasmid construction and transfection
-------------------------------------

The ATeam plasmid used in this study was constructed by double digestion with BamH1 and EcoR1 from ATeam 1.03-nD/nA/pcDNA3 (Addgene plasmid 51958). The obtained ATeam probe fragment was then inserted into the BamHI/EcoR1 site of pMXs-IRES-puro (Cell Biolabs Inc., San Diego, CA, USA), to generate pMXs-ATeam-IRES-puro. Plasmid transfection was performed using a retrovirus-mediated gene transfer system. To generate ATeam expressing retroviral vectors, 3 *µ*g of pMXs-ATeam-IRES-puro was mixed with 15 *µl* of 2 mg/m*l* polyethylenimine and transfected into \~900,000 Plat-E cells in 9.6 cm^2^ plate. After 2 days, the supernatant was collected and transduced into the BHK-21 cells using ViroMag^®^ (OZ Biosciences, Marseille, France) following manufacturer's instructions. Two days post-transduction, the BHK-21 cells containing pMXs-ATeam-IRES-puro (BHK-ATeam) were selected with the DMEM containing 8 *µ*g/m*l* Puromycin.

Cell permeabilization and microscope examination
------------------------------------------------

To investigate the relationship between ATP concentration and Venus/CFP ratios, BHK-ATeam cells were permeabilized according to previous study \[[@r2]\] with few modifications. In summary, 5 *µ*g/m*l* digitonin in buffer B (20 mM HEPES-KOH \[pH 7.7\], 110 mM potassium acetate, 2 mM magnesium acetate, 1 mM EGTA \[egtazic acid\], and 2 mM dithiothreitol) were added to the cells and incubated for 5 min at room temperature. The reaction was stopped by washing the cells with buffer B thrice, followed by addition of known concentrations of ATP in buffer B. The cells were also fixed with 4% paraformaldehyde (PFA) for 10 min and examined under confocal microscope. The plots were fitted with Hill equation, with a fixed Hill coefficient of 1.7; R=(R~max~−R~min~) ×\[ATP\]^2^(\[ATP\]^2^+*Kd*^2^)+R~min~, where R~max~ and R~min~ are the maximum and minimum fluorescence ratios, respectively, and *Kd* is the apparent dissociation constant.

Viral infection and cell fixation
---------------------------------

One day prior to viral infection, the BHK-ATeam cells were seeded onto 4-compartment, 35 mm Cellview^TM^ glass-bottomed dishes (Greiner Bio-One Co., Ltd., Tokyo, Japan). Approximately 50,000 cells were seeded onto each 1.9 cm^2^ compartment and after 1 day, the cells were infected with the virus at MOI=1, 3, and 5, for BVDV, EMCV, and JEV, and MOI=0.25, 0.75, and 1.25 for other viruses. After 3, 6, 9, 16, and 24 hr of incubation, the medium was removed and washed once with PBS before adding 4% PFA until ready for observation under confocal microscope. In order to adhere to the biosafety regulations, the cells were fixed prior to imaging.

Imaging and analysis
--------------------

The cells were excited by a 405-nm laser diode, and CFP and Venus were detected at 480--500 nm and 515--615 nm wavelength ranges, respectively. The images were obtained using an Fluoview FV1000 confocal microscope with an oil-immersion UPLSAPO objective (NA=1.35) (Carl Zeiss, Jena, Germany). Using the FRET application, the fluorescence intensities from CFP and Venus channels were obtained from individual fluorescence-expressing cells. All image analyses were performed using ImageJ (National Institutes of Health, Bethesda, MD, USA).

The fluorescence intensities of cytoplasmic areas in cells were obtained manually by tracing the cytoplasm, using drawing tablet (Wacom) for BVDV, EMCV, and JEV-infected cells. The corrected total cell fluorescence (CTCF) from Venus and CFP channel was then calculated using the formula: Integrated Density−(Area of selected cell) × (Mean fluorescence of background readings). Each Venus/CFP emission ratio was calculated by dividing the CTCF of a Venus image with a CFP image.

Automatic selection of cells and Venus/CFP ratio using a newly developed plugin
-------------------------------------------------------------------------------

The images captured in confocal microscopy were then subjected to the boomerang catcher (BC), ImageJ & Python programs set to analyze FRET in viral-infected cells developed in this study ([Supplementary Fig. 1](#pdf_001){ref-type="supplementary-material"}Fig. 1.Venus/CFP (cyan fluorescent protein) ratio in uninfected BHK-ATeam cells. (A) Comparison of the ratio between living (unfixed) and PFA-fixed cells. (B) The response of ATeam to the varying concentrations of ATP. The plots were curve-fitted with Hill equations with a fixed Hill coefficient of 2; R=(R~max~−R~min~)×\[ATP\]^2^(\[ATP\]^2^+*Kd*^2^)+R~min~, where R~max~ and R~min~ are the maximum and minimum fluorescence ratios, respectively; and *Kd* is the apparent dissociation constant. Each point represents mean with S.D. of at least 60 independent cells.), which are available at this link (URL: <https://github.com/ishibaki/boomerang_catcher>). The algorithm was designed to subtract the background and enhance the contrast from channel-2 (Venus) images, followed by the enhancement of contrast until 0.3% of pixels were saturated. The Gaussian Blur (sigma=4) was then applied, followed by the threshold by minimum method to detect the cell body without the nucleus (filter 1). The cells with an area of 50--500 *µ*m^2^ were selected. A threshold image produced from the previous step was duplicated wherein a threshold set by the Otsu method, a method that finds an optimal threshold based on the observed distribution of pixels \[[@r24]\], was applied to detect the cell body and nucleus (filter 2). The cells with an area of 50--800 *µ*m^2^ were selected. To generate a nuclear mask (filter 3), the inverted filter 1 and filter 2 were multiplied. The average intensities of channel-1 and channel-2 from filters 1 (Data1) and 3 (Data3) were calculated. The mean intensity of each channel was then calculated using the formula: ((Area of Data 1) × (Mean Intensity of Data 1−((Area of Data 2) × (Mean Intensity of Data 2)))/ ((Area of Data 1)- (Area of Data 2)). The Venus/CFP ratio was then acquired using the formula: (Mean Intensity of Channel-2)/ (Mean Intensity of Channel-1). Data are shown as the mean ± S.D. and statistical significance was determined by Student's *t*-test, where *P*\<0.01 was considered statistically significant.

RESULTS {#s2}
=======

To adhere to biosafety regulations, the cells must be fixed with 4% PFA to inactivate the viruses prior to imaging. To determine if the measurement of ATP levels in fixed cells is possible, uninfected live and fixed cells were compared. The fixed cells have a significantly lower ATP value compared to the live cells, but the ATP level remains detectable ([Fig. 1A](#fig_001){ref-type="fig"}). Furthermore, the responsiveness of BHK-ATeam cells to varying concentrations of ATP was also investigated, and it showed that Venus/CFP ratio was correlated with the ATP concentration ([Fig. 1B](#fig_001){ref-type="fig"}).

The Venus/CFP ratio obtained in BVDV, EMCV, and JEV infected BHK-ATeam cells are shown in [Fig. 2.](#fig_002){ref-type="fig"}Fig. 2.Venus/CFP (cyan fluorescent protein) ratio in manually selected BHK-ATeam cells. (A) BVDV-infected cells. (B) JEV-infected cells. (C) EMCV-infected cells. The BHK-ATeam cells were inoculated with different concentrations of the virus (MOI=1, 3, or 5), formalin-fixed for 10 min, and the Venus/CFP emission ratios were calculated from the images of Venus and CFP channels in individual cells at different time points. Data are shown as the mean ± S.D., and statistical significance was determined by using Student's *t*-test versus the control (\**P*\<0.01, \*\**P*\<0.001, \*\*\**P*\<0.0001). All data are expressed in means with error bars indicating S.D. of at least 50 independent cells. The results showed that all cells infected by these three viruses exhibit a significantly lower Venus/CFP ratio compared to the mock-infected cells, as early as 3 hr. In BVDV-infected cells with MOI=5 ([Fig. 2A](#fig_002){ref-type="fig"}), a significantly lower Venus/CFP ratio was observed, as compared to the mock control. At 6 hr, all the infected cells showed a significantly higher ratio; while at 16 hr and 24 hr, only MOI=5 showed a significantly higher ratio. The JEV-infected cells showed a significantly lower ratio at 3 hr with MOI=5, at 6 hr with MOI=1 and 5, and at 16 hr and 24 hr with MOI=1, 3, and 5 ([Fig. 2B](#fig_002){ref-type="fig"}). The EMCV-infected cells also showed a significantly lower ATP value than the mock control at 3 hr with MOI=1 and 5 but not at 6 hr ([Fig. 2C](#fig_002){ref-type="fig"}). Most of the EMCV-infected cells were dead by 16 hr; thus, no data were obtained beyond this incubation time ([Supplementary Fig. 2](#pdf_001){ref-type="supplementary-material"}).

We developed a BC program which automatically analyzes the FRET in viral infected BHK-ATeam cells (URL: <https://github.com/ishibaki/boomerang_catcher>). This program was devised to evaluate the Venus/CFP ratio. Subsequently, it detects the cell body and calculates the mean intensity of the cell body in CFP and Venus channels, followed by the calculation of the Venus/CFP ratio. The BHK-ATeam cells were infected with AKV, BCV, BEV, BPIV3, IBR, and PTV for 3 hr, fixed and examined under confocal microscopy, and the Venus/CFP ratio was obtained using the BC program. More than 60 cells per group were selected by the program, and results revealed that all the viral-infected cells showed significantly different Venus/CFP ratio compared to the mock control. The BCV, BEV with MOI=0.25 and 0.75, BPIV3, and IBR infected cells exhibited significantly higher ratio compared to the mock, while the PTV with MOI=0.75 and 1.25, and AKV with MOI=0.25 showed significantly lower value ([Table 2](#tbl_002){ref-type="table"}Table 2.The Venus/CFP (cyan fluorescent protein) ratio in boomerang catcher-analyzed BHK-ATeam cells infected with selected virus for 3 hrMOIVirusesAKVBCVBEVBPIV3IBRPTVMock0.85 ± 0.020.80 ± 0.020.84 ± 0.030.76 ± 0.030.68 ± 0.030.83 ± 0.020.250.83 ± 0.01 ^c)^0.81 ± 0.03 ^a)^0.85 ± 0.02 ^a)^0.81 ± 0.02 ^c)^0.77 ± 0.03 ^c)^0.83 ± 0.020.750.85 ± 0.030.82 ± 0.02 ^b)^0.85 ± 0.03 ^b)^0.82 ± 0.03 ^c)^0.79 ± 0.03 ^c)^0.81 ± 0.02 ^c)^1.250.86 ± 0.030.83 ± 0.030.85 ± 0.030.82 ± 0.02 ^c)^0.80 ± 0.02 ^c)^0.81 ± 0.02 ^c)^More than 60 individual cells per each virus. Data; the mean ± S.D., Student's *t*-test between virus infected cells versus the mock (a) *P*\<0.01, b) *P*\<0.001, c) *P*\<0.0001). MOI: Multiplicity of infection, AKV: Akabane virus, BCV: bovine coronavirus, BEV: bovine enterovirus, BPIV3: bovine parainfluenza 3 virus, IBR: infectious bovine rhinotracheitis virus, PTV: porcine teschovirus.). The AKV, BCV, and BPIV3 showed morphology-based CPE at day 3, day 5, and day 6 post-infection, respectively; the BEV showed mild morphology-based CPE at day 6 post-infection; while IBR and PTV did not show signs of morphology-based CPE ([Supplementary Fig. 2](#pdf_001){ref-type="supplementary-material"}).

DISCUSSION {#s3}
==========

This study used ATeam technology to detect the early signs of viral infection. Our ATeam probe responded well to ATP in a dose-dependent manner ([Fig. 1B](#fig_001){ref-type="fig"}). The possibility of measuring the Venus/CFP ratio in fixed cells was confirmed, although the value is significantly lower than that of the live cells ([Fig. 1A](#fig_001){ref-type="fig"}). This suggests that the attachment of ATP to the ATeam probe was conserved and therefore, the ATP level in fixed cells can be measured. However, the conformation of the Ɛ subunit may have been affected during fixation resulting in a lower Venus/CFP ratio. Nevertheless, the value is measurable and thus, fixed cells were used in this study.

The BHK-ATeam cells infected with BVDV, EMCV, and JEV showed a significantly lower ratio compared to mock samples as early as 3 hr. This indicates a high consumption of ATP during the early phase of infection. This decrease in cytoplasmic ATP has also been observed in other RNA viruses such as HCV \[[@r2]\] and influenza virus \[[@r29], [@r38]\]. However, the non-cytopathic BVDV showed a higher Venus/CFP ratio in infected cells at 6 hr until 24 hr post-infection. The initial cellular response to a stressful stimulus involves protecting the cell against insult and promoting recovery \[[@r13]\]. Thus, it is highly likely that the cells responded to the viral presence by increasing ATP generation while viral replication rates remained the same or lower. The JEV-infected cells continued to show a significantly lower ratio compared to mock samples indicating a higher rate of ATP consumption by this cytopathic virus compared to the rate of ATP generation by cells throughout the infection ([Fig. 2B](#fig_002){ref-type="fig"}). In contrast, the EMCV-infected cells showed no significant difference in Venus/CFP ratio at 6 hr post-infection ([Fig. 2C](#fig_002){ref-type="fig"}). It is likely that the cells have increased ATP generation to compensate for the consumption, leading to the generation-consumption equilibrium. However, at 12 hr, the EMCV-infected cells died, owing to the oxidative stress caused by the virus in the cells during infection \[[@r1]\]. The ATP in these RNA viruses is quickly consumed as many steps in the viral life cycle require high energy phosphoryl groups \[[@r2]\], such as the formation of the pre-initiation complex for *de novo* RNA synthesis by RdRp of flaviviruses \[[@r34]\], ATP-dependent transcriptional initiation and RNA replication by influenza virus RdRp \[[@r26], [@r43]\], and assembly and/or release of viral structural proteins possibly via interaction with ATP-dependent chaperones \[[@r16], [@r28]\]. Under light microscopy, morphology-based CPE usually appears at 16 hr for EMCV, day 3 for JEV, while BVDV is noncytopathic ([Supplementary Fig. 2](#pdf_001){ref-type="supplementary-material"}); however, the ATP-based CPE using ATeam technology is already evident at 3 hr ([Fig. 2A](#fig_002){ref-type="fig"}). This indicates that the ATeam technology is not only an early marker for the CPE but also a novel indicator for the "stealth infection" without morphology-based CPE.

To make the selection of cells and measurement of the Venus/CFP ratio more efficient, rapid, and objective, an ImageJ and Python program was created (<https://github.com/ishibaki/boomerang_catcher>). The program set was used to analyze the Venus/CFP ratio of the infected cells by the selected viruses for 3 hr. All the viruses caused a significant difference in the Venus/CFP ratio although the pattern is not the same ([Table 2](#tbl_002){ref-type="table"}). The PTV and AKV showed a significantly lower ratio while the other viruses showed a significantly higher ratio as compared to the mock controls. This result of PTV and AKV-infected cells is similar to what was observed in BVDV, EMCV, and JEV infected cells, and in previously reported RNA viruses such as HCV, influenza virus, and dengue virus \[[@r2], [@r10], [@r29], [@r38]\]. The other viruses, namely BCV, BEV, BPIV3, and IBR showed a significantly higher ratio than the mock-infected cells. This result is similar to previously reported vaccinia virus \[[@r4]\], HCMV \[[@r32]\], baculovirus \[[@r35]\], and avian reovirus \[[@r5]\], where an increase in intracellular ATP level was observed because of the upregulation of mitochondrial genes for proteins which are a part of the ETC, and upregulation of TCA to increase ATP production for virus propagation \[[@r15], [@r32]\]. Among the viruses tested, the morphology-based CPE usually appears on day 3 for AKV, day 5 for BCV, day 6 for BPIV3 and BEV, while IBR and PTV showed no morphology-based CPE ([Supplementary Fig. 2](#pdf_001){ref-type="supplementary-material"}). Thus, the ATeam system is a fast method to determine ATP-based CPE by a viral infection, as early as 3 hr when the morphology-based CPE is yet to be conclusive.

In the presence of a stressful stimulus, the initial cellular response is directed towards coping with the insult, by mounting an appropriate protective cellular response to ensure cell survival \[[@r13]\]. There are various pro-survival activities of the cell including the heat shock response, unfolded protein response (UPR), DNA damage response, and the response to oxidative stress, all aimed at restoring the cellular homeostasis \[[@r13], [@r14], [@r19]\]. Viruses, being an intracellular parasite, utilize the cellular machinery and resources for their replication which consequently elicits cellular stress responses. It is reported that various viruses such as the African swine fever virus, cytomegalovirus, hepatitis B virus, papillomavirus, vaccinia virus, BVDV, JEV, and HCV modulate UPR by binding of the master control binding protein to the accumulated misfolded or unfolded proteins, leading to the release of endoplasmic reticulum (ER) transducers: PKR-like ER kinase (PERK), activating transcription factor 6 (ATF6), and the ER transmembrane protein kinase/endoribonuclease (IRE1) which subsequently leads to homodimerization and refolding of proteins \[[@r17], [@r22], [@r23]\]. Furthermore, the viruses cause ER stress by exploitation of the ER membrane (e.g., poliovirus, coxsackievirus B3, dengue virus and hepatitis C virus), accumulation of misfolded proteins (e.g., influenza A virus, hepatitis A virus, JEV, and HCV), imbalance of calcium concentration by viroporin (e.g., influenza A virus, coxsackievirus B3, poliovirus 1), and the sabotage or depletion of the ER membrane during virion release (e.g., rotavirus) \[[@r22], [@r39]\]. Viral infections also induce the formation of stress granules by cells, which are aggregates containing the pre-initiation complexes where the translation is arrested, but interfered by viruses like the West Nile virus or dengue virus \[[@r30]\]. The viruses such as HCV, HIV, human adenovirus-5, Epstein-Barr virus, hepatitis B virus, and EMCV can induce reactive oxygen species (ROS) which directly or indirectly help them to survive \[[@r1]\]. All of these cellular responses affect the celular metabolites and require a lot of energy, thereby affecting the ATP level. Additionally, many viruses may modulate the mitochondrial-mediated pathways \[[@r1]\], and directly affects ATP. All of these protective cellular responses to viral infection requires ATP and thus, infected cells will also increase the generation of ATP to compensate for the loss until all resources are exhausted by the viruses, leading to cell death. It is, therefore, logical to consider the intracellular ATP level as an indication of viral invasion of cells and as an early sign of CPE.

In conclusion, the ATeam technology is therefore useful to determine the early signs of ATP-based CPE, as early as 3 hr without visual CPE by light microscopy, and enables high throughput determination of the presence of microorganisms in neglected samples stored in laboratories.
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